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Chapter 1

Introduction

Seismic design standards are continually being upgraded to reflect latest seismolog-
ical findings, most recent results of analysis and testing programs, and observations
of the performance of structures during past earthquakes. Following the 1989 Loma
Prieta earthquake, the California Department of Transportation intensified its eforts
to verify and, if necessary, upgrade the seismic design of the structural components

of highway bridges.

The very early design procedures of bridge pier walls assumed that these struc-
tural components behave as shear walls subjected to equivalent static loading. Lateral
loads in the direction of the weak axis (flexural) of such walls were not. considered in
the design. As a result of this assumption, the pre-1971 pier wall design used rela-
tively small reinforcement ratios in both the vertical and horizontal directions. An
average ratio of 0.56% of the cross sectional area was used for the vertical reinforce-
ment whereas an average ratio of 0.15% was used for the horizontal reinforcement.
Horizontal bars were often placed on the inside of the vertical bars, unintentionally
reducing a potential source of confinement. Furthermore, field lap splices were used
between the vertical bars and the footing dowels. Class “A” splices. for which the

splice length is 16 dy, and class “C” splices, for which the splice length is 28 d;, were

www . fastio.com
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* commonly used where dj, is the diameter of the vertical bar.

Because this design was based only on theoretical concepts without the benefit of
experimental verifications, a comprehensive testing program [16] was conducted at
the University of California, Irvine, to better understand the behavior of pier walls
built to old design standards and to devise efficient retrofit schemes for deficient
walls. The pier wall samples were subjected to cyclic loading in the directions of
their strong and weak axes. The study concluded that the observed displacement

- ductility factor for the tested walls substantially exceeded the design ductility factor.
* Further observations at the later stages of loading indicated that the positioning of
the horizontal bars to the inside of the vertical bars does not, as.expected, provide anv

" source of confinement and the slip between the vertical bars and the foundation dowels
. in the lap splice zone coupled with buckling of the vertical bars on the compression

" side of the wall could have significantly reduced the wall ductility.

The current design of bridge pier walls has emploved clear measures to improve

“ the seismic performance of pier walls, specifically in the weak direction. such as in-
creasing the steel ratios of the vertical and the horizontal reinforcements. placing
the horizontal reinforcement on the outside of the vertical bars, and extending the
vertical bars into the foundation, thereby eliminating the need for lap splices. In

- addition. cross-ties have uniformly been distributed along the wall height to improve

’ their flexural strength and ductility in the weak direction.

The present study examined a range of cross-tie provisions with the objective

* of establishing whether existing standards are unnecessarily conservative and. if so.
what level of confinement would be acceptable. In addition, two different ratios of

~ the vertical steel reinforcement representing average and upper design limits in cur-
rent Caltrans specifications were investigated. A computer program was developed
to estimate both the pier wall ductility and strength. Furthermore, the current de-

“ sign method used by Caltrans designers was assessed. The calculated results were

ClibPDF - wavw fastio.com -
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compared with the experimental findings, and recommendations for improved design

procedures were devised.
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Chapter 2

" Historical Development

2.1 Introduction

Some of the problems observed in reinforced concrete bridges during earthquakes

- over the past twenty years have alerted designers that techniques to improve the

- seismic performance of bridges are necessary. In particular, investigations of the

failure mechanism of bridges have led to enhancement of the design in many different

- wavs. In general. damage to bridges may be categorized in three groups:

e Spans falling from their supporting piers under seismically induced large dis-
placements as a result of inadequate seating provisions and lack of ties to pier

caps or adjacent spans;

¢ Failure of piers or piles in flexure or shear, resulting from seismic inertia forces

induced in the bridge superstructure; and

¢ Failure of foundation materials such as slumping of abutments and liquefaction

of sandy foundations.

Research on bridges and their structural components has been carried out to esti-

mate the strength and ductility demands. Both experimental and theoretical studies

4
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have been performed to predict the strength and ductility capacities of bridge com-
ponents. Pier walls, as bridge supporting systems, are the focus of study in this
report. Previous investigations have experimentally modeled the pier as an individ-
ual element and simulated the superstructure actions on the bridge by a uniformly
distributed axial load as well as quasi-static lateral loads at the top of the pier rep-
resenting the inertia forces induced in the bridge superstructure by the earthquake.
An earlier study [16], which began at the University of California, Irvine, in 1990
investigated the seismic performance of bridge pier walls in their strong and weak
directions. In the longitudinal direction (strong axis), it demonstrated a good per-
formance of the walls. Shear failure was dominant and relatively large ductility was
observed. In the weak direction, pier walls exhibited flexural failure more or less as
rectangular columns. Due to the lack of general research on pier walls’ performance
under loading in the weak direction, and because of the expected similarity of their
behavior to that of relativelv wide rectangular columns. a summary of the litera-
ture on experiments conducted on bridge pier columns experiencing flexural failﬁre is

presented. Previous studies on pier columns had focused on two main issues:

» Investigation of the stress-strain characteristics of confined and unconfined con-

crote: and

» Investigation of the flexural strength and ductilitv of piers with different con-

fining levels under simulated seismic loading.

2.2  Pier Failure in Past Earthquakes

Records of structural damage to bridges in past earthquakes have shown that
damage was mainly confined to column piers and that there were no reports of dam-

age to pier walls. This is attributed to the relatively low axial load ratio (applied

5
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' Figure 2.1: Shear failure at column top of the Foothill Boulevard undercrossing (1971
:San Fernando earthquake)

load /capacity of the cross-section) carried by pier walls in comparison with columns.
‘the larger ducrility of the pier wall than that exhibited by columns. and lastly. because
;bridges supported on pier walls are generally less common than those supported by
:.;columns. It should be noted thar pier walls excited along their longitudinal axis are
{-jefﬁcicnr in transferring the éhear forces exerted by the superstructure. In the weak
-direction. however. pier walls ight experience the sane type of damage exhibited by
::rm'tangular columns. Therefore. a brief summary of damage to pier columns in past
fﬁoart hquakes is introduced.

Flexural failure‘ of pier columns is mostly attributed to the lack of confinement at
E:?Vplastic hinge zones. Spal]ing of the concrete cover followed by immediate increase
“of the x-sectional core stresses and buckling of the longitudinal reinforcement have

';COnr.ributed to the flexural failure of column piers. Figures 2.1 and 2.2 show shear

ClihPD wwwLfastio.com
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Figure 2.2: Flexural failure at column top at the San Fernando Road overhead (1971
San Fernando earthquake)

and flexural failures which occurred in the plastic hinge zone of bridge supporting
columns during the 1971 San Fernando earthquake [31]. Another example of flexural
failure is presented in Fig. 2.3 of the Corralitos Creek bridge (designed in 193G} during
the 1989 Loma prieta earthquake where flexural cracks and spalling were observed at
the top of the column pier [6]. Column failure below the confined zone at the Bull
Creek Canvon Channel bridge during the 1994 Northridge earthquake is illustrated

in Fig. 2.4.

2.3 Stress-Strain Relation of Confined Concrete

The traditional concrete cylinder compression test still is the common way to eval-
uate the compressive strength of the concrete, f;. In most codes, the elastic design
does not permit the maximum strain in the concrete section, €.,, to exceed 0.003. In

the seismic evaluation of a reinforced concrete cross-section at relatively large defor-

7
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" Figure 2.3: Damage at top of column supporting the Corralitos Creek bridge (1989
Loma Prieta earthquake)

~ Figure 2.4: Column failure below the confined zone at the Bull Creek Canyon Channel
~ bridge (1994 Northridge earthquake) '
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mation and compressive stress, the appropriate values for f; and €., must consider
the confinement stresses induced from the lateral reinforcement. Experiments to esti-
mate the values of the confined concrete compressive strength, f.., and the maximum
concrete strain, ¢.,, under multidirectional stresses have been classified according to
the type of the confining stress, whether active or passive. Active confinement is
conducted by applying direct lateral loads to the tested samples. Passive confine-
ment is developed from the reaction of the lateral reinforcement to the lateral strain
in the concrete section. The first type has been generally used to develop the gen-
eral stress-strain relation of the.concrete material, whereas the second type is more

representative of the confinement in pier wall section.

In 1983, Mander [20] tested 16 half-scale pier samples of rectangular cross-section.
The objective was to predict the concrete compression stress-strain relation under
different configurations of the vertical and lateral reinforcement ratios. The specimens
were monotonically loaded and tested under either quasi-static or high-strain rates
representative of seismic conditions. The cross-section dimensions of the wall samples
were 15 x 70 x 120 cm (5.9 x 27.5 x 47.2 inch). The samples were prototype of the

walls in a hollow square column section.

This experiment was a step to suggest and experimentally evaluate an alternative
design of the south Rangitikei Rail Bridge built of piers with hollow square cross-
sections. The transverse hoop steel was designed to cover a typical range used for
columns designed in accordance with the New Zealand concrete code, NZ3101 [25].
Three patterns for the confined reinforcement, allowed by that code, were examined.
Figure 2.5 displays the different configurations of the lateral reinforcement: square
hoops, overlapping square hoops, and rectangular hoops and cross-ties. Two equa-
tions governed the design of the area of the transverse reinforcement, A,,, in each of

the principal directions. A, is governed by the larger of

9
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15 cm

70 cm

e
s
=
L

v

Square Overlapping Rectangular hoops and
hoops square hoops cross-ties

Figure 2.5: Cross-section of half-scale pier samples [20]

« or

w A f. P,
Agh = 0.35) h (—9—1)—6[0.5“.25—,9-—} 2.1
h T4, Foh GfiA, (2.1)
u fo l P, ]
Agn = 0,125, h <2 0.5 + 1.25—— 2.2)
h A » ST A, (

where Sy, is the vertical spacing of the lateral reinforcement, 4" is the concrete core
dimension measured perpendicular to the horizontal hoop bars, A, is the gross sec-
* tional area, A, is the concrete core area, and P, is the maximum subjected axial load.
In these equations, th‘e design reduction factor, ¢, was set equal to 1.0. Two values
of f; were emploved. The hoop set spacing varied to achieve different ratios of the
volumetric reinforcement ratio in the range of p, = 0.0% — 7.87%. This volumetric
ratio of the transverse reinforcement, p,, is calculated by adding up the transverse
-~ reinforcement ratios in each directions (pz + py). The vertical reinforcement ratios
* varied in the range of p, = 1.80% — 3.06%. The samples were set in the testing
frame and axially loaded by monotonic loading. The test continued until the failure
“ of the samples. Mander evaluated the maximufn stress in the core section, f,,, the

corresponding strain, €., and the concrete strain at first hoop fracture, ¢.,, with and

10
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without the confinement reinforcement and found that:

o

2.4

. The increase of the volumetric ratio of the transverse reinforcement, fs, Detween

0.0% — 7.87% showed an increase in the maximum concrete core stress, fc'c, by
a ratio of fc'c/ fé up to 2.00; an increase in the corresponding strain, e, from
0.0018 — 0.019; and an increase in the maximum concrete strain, eg,, in the

range of 0.0045 — 0.045.

All samples with different configurations of the transverse reinforcement but
having the same value of p, behaved in a similar manner. It is worth noting

that the interior square hoops are the most difficult to construct in field.

Induced larger axial stresses produce larger lateral forces which lead to early
hoop fracture and buckling of the longitudinal bars. Therefore, in ductile design,
it is preferable to keep the volume of the longitudinal steel low, and if necessary,

use a larger concrete cross-section to relatively decrease the axial stresses.

An increase in the rate of loading resulted in an increase in the compressive
12 . . 1

strength of the concrete core. f,; a decrease in the corresponding strain, e..; an

increase in the initial modulus of elasticity; and a decrease in the strain at first

hoop fracture.

The analytical stress-strain model developed by Mander for the reinforced con-

crete rectangular section was suitable.

Strength and Ductility of Pier Samples

To evaluate the flexural strength and ductility of pier sections, tests were con-

ducted on bridge pier samples subjected to variable lateral loads representing the

earthquake action. accompanied by a constant axial load representing the vertical

www . fastio.com
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X-section A:Ic'ial‘ Py Ps €. at 1% | Max. concrete strain en,
ples shape load(%) | (%) | (%) | crushing | Ghee | Baker | Corlev
1 Octagonal 20 2.43 | 0.756 | .00837 | .0405 | .00498 | .00975

2 Octagonal 56 2.43 | 1.527 | .00832 | .1271 | .00597 | .01161
3 Square 38 1.51 | 2.832 | .00486 | .0232 | .00883 | .01572
4 Square 25 1.51 | 2.218 | .00839 | .0359 | .00827 | .01136

Table 2.1: Experimental results of tested samples [10]

static loads. Due to the relatively large size of the tested samples and the large forces
and displacements exerted in the samples, different testing setups were presented in
the literature; some of these are displayed in Fig 2.6.

In 1981, Ghee [10] tested four pier samples including two octagonal and two square

: cross-sections. The tésting involved slow static incremental loading followed by fast
e dynamic cyclic loading. The sample design and the testing parameters are summa-
rized in Table 2.1, in addition to the observed ultimate strain. Ghee measured the
maximum concrete strain at the edge of the core section and compared the obtained
values with the following empirical equations presented by Baker and Amarakone [2]

" in 1964 and Corley [4] in 1966

d
€q = 0.0015 (1 + 150ps + (0.7 — 10p;) ...) (by Baker and Amarakone) (2.3)
: ¢

. |
€u = 0.003 + 0.02-2— + {pleé"} (by Corley) (2.4)

where ¢ is the neutral axis depth__ at ultimate moment, d is the effective depth of

" member, fyn 18 the transverse reinforcement yield stress in M Pa, p; is the volumetric

ratio of the transverse steel to the volume of concrete core, b is the width of member,

and L is the distance from the critical section to the point of contraflexure. The

vield displacement, 4,, and curvature, ¢,, were evaluated from the load-displacement

relation by extending a line passing through the origin and a load point corresponding

* to T5% of the calculated ultimate load. The plastic hinge length, L,, was evaluated

12
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Figure 2.6: Different test setups of laterally loaded pier samples
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from Eq 2.5 using the eiperimental measured data

(b= DAy = ($maz — ¢y) Ly (L - %) (2.5)

where 4 is the displacement ductility factor. Ghee compared the experimental values

of L, with the empirical equations developed by Baker [2] and Corley [4]

L,=08K K3 (%) L (by Baker and Amarakone) (2.6)

L,=05d+Vd (—‘;’-) (by Corley) (2.7)

where Ky and K3 are factors dependent on the concrete and steel strengths, and ¢ and

d are defined in Eq. 2.3. The conclusion of Ghee’s experiments can be summarized

as follows:

1. The hysteresis behavior was not influenced by the cross-sectional aspect ratio

when adequate confinement was provided.

2. The concrete strain at the first sign of crushing was 0.008 indicating that the

value estimated by the ACI code for the concrete ultimate strain of 0.003 is low.

3. The curvature distribution over the sample height indicates that plasticity is

concentrated in a small region around the critical section.

4. An increase of the flexural strength of the specimens in excess to the strength

predicted by ACI charts due to the confining action was observed.

In 1985, Rizkalla, Saadat, and Higai [32)] tested 16 large scale reinforced concrete
specimens representing typical bridge piers in terms of material properties, section

: properties and construction details. The different parameters of the study were the
-~ shear span-to-depth ratio, L/d, longitudinal reinforcement ratio, py, frequency of the
: applied load, and level of axial compressive stress. No lateral reinforcement was con-

- sidered. The samples were fixed at the base and horizontally cycled at the top. The

14
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test parameters were varied for the ratio of (L/d) in the range of 3.29 — 6.05 and
for p, in the range of 0.46% — 1.95%. Ready-mixed concrete was used to construct
all samples. According to parametric studies of the experimental results, Rizkalla
et al. introduced a nondimensional factor, K, to describe the fundamental behavior
of the pier members. The ductility factor, maximum shear stress, energy absorp-
tion /dissipation capacities and equivalent viscous damping coefficient were evaluated
using this factor. The experimental yield displacement was evaluated when the experi-
mental horizontal load equaled the calculated yield load. The suggested characteristic

factor, K, is presented in Eq. 2.8

_ (L/d}fe
K=o 7 (2.8)

where f; is the tensile strength of the concrete and f, is the yield stress of the vertical

reinforcement. The displacement ductility factor was evaluated as

1

= 2
0.8 -0.13K (2.9)

n

Using the A factor. they classified the failure mechanism to three modes. Mode I
(A = 4.8 — 5.3} is observed by vielding of the longitudinal bars at the maximum
moment section. Mode II (K = 4.0 — 4.8) is characterized by yielding of the lon-
gitudinal reinforcement within a distance. d. from the maximum moment section.
Mode I (K = 2.3 — 4.0) is defined by the yielding within a distance, 2d, from the
maximum moment section. An increase of the K factor drives the failure towards a
flexural failure mode. On the other hand. a decrease of the K factor drives the failure
to a shear failure mode as shown in Fig. 2.7.

In 1987. Priestley and Park [30] evaluated the ductility and strength of different
configurations of bridge pier columns. Figure 2.8 presents the cross-sections of the
tested samples. The test variables included axial load level, cross-section dimension

ratio. lateral reinforcement ratio. and lap splices. The lateral reinforcement was

15
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Figure 2.7: Relationship between ductility and the characteristic factor, K (32]

designed to satisfy the minimum and maximum ratios of Egs. 2.1 and 2.2. The
samples were hinged at their ends and loaded at the midspan. Investigating the load-
- displacement hysteresis loops, and from other test observations, Priestley and Park

found that:

1. The load-displacement hysteresis loops were stable up to a ductility of x4 = 6.0.

™

The calculated design load, @;, based on the ACI code. was reached at nw=20

and the maximum horizontal load exceeded Q; by almost 26%.

3. Very little load degradation was noticed during successive cycles of the same

level of ductility.

4. Good energy dissipation potential was noted based on the width of the hysteresis

loops.

5. The maximum measured strains ranged from 0.03 to 0.08 at the edge of the

concrete core.
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Figure 2.8: Cross-section of pier column samples [30]

6. The plastic hinge length, L,, can be estimated using the proposed empirical
equation (Eq. 2.10) which has no dependence on the axial load level nor on the

vertical reinforcement ratio

L,=008L+0.15d, f, | (2.10)

where dy is the diameter of the vertical bars, L is the wall height and f, is the yield
stress of the vertical steel in ksi.

In 1989, Saatcioglu and Ozcebe [33] tested 14 full-scale square columns, modeling
first-story columns between the foundation and the inflection point. The sample
dimensions were 35 x 35 cm (14.3 x 14.3 inch) with a vertical reinforcement ratio of
pv = 3.27%. The height of all samples was 100 cm (40.8 inch) which indicates that
L/d = 2.85. The samples were tested under slowly applied lateral load reversals.
Both uni-directional and bi-directional loadings were included. The axial loading and
the confinement reinforcement were the varying parameters of the test. Closed hoops
and cross-ties were used to induce confinement ratios between p, = 0.85% — 2.54%.
Cross-ties with 135° hooks at both ends and cross-ties with a 90° hook at one end and

a 135° hook at the other end were used. The samples were fixed at the bottom and

17
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" loaded at ‘the top. From observations of the tested samples and the testing results,

Saatcioglu and Ozcebe concluded that

1. The axial tension caused a reduction in the flexural yield strength. In contrast,
the axial compression increased the flexural yield strength followed by a rapid

strength degradation.

2. Ductility of columns under combined axial compression and bending moment
reversals was improved significantly with the use of proper confinement config-

urations. That was achieved by supporting every longitudinal bar by either a

hoop or a cross-tie.

3. Cross-ties with a 135° _hook at one end and a 90° hook at the other end behaved

similarly to the cross;ties with 135° at both ends.

In 1990, Cheok and Stone [3] tested reduced scale samples of circular columns

subjected to constant axial loads and horizontal cyclic forces. The objective was to

" evaluate the performance of bridge columns designed in accordance with the 1983
- CALTRANS specifications. Three parameters were changed in that test: concrete

" mix. column aspect ratio. L/d. and axial load level. Six column samples were utilized

to simulate a 1/6 scale model of a prototype bridge colurnn. The samples were divided

- into two sets. In the first set. microconcrete was used whereas a ready-mixed concrete

with pea gravel was used for the other set. The diameter of the column samples was

9.8 inches. Two columns of each set had a height of 4’ 11" whereas the third column

had a height of 2’ 5.5”. These specimens provided two aspect ratios, L/d, of 6.0 and
" 3.0. Flexural failure was expected for samples with L/d = 6.0 whereas shear failure

- was expected for L/d = 3.0. Deformed wire D6 was used for the longitudinal bars to

reach a ratio of 2% for p,. Confining reinforcement of volumetric ratios, p,, of 0.68%

and 1.41% were used for the flexure and shear samples, respectively. An axial load of

18

winw . fastio.com


http://www.fastio.com/

ClibPDF -

10% of f.A, was applied on the long samples while the ratios of 10% and 20% were
applied on each of the shorter samples.

The column samples were fixed at their bottom and hinged at their top. A se-
ries of horizontal cyclic loads was applied at the top of the column while the axial
load was kept constant. Evaluation of column performance was based on energy ab-
sorption capacity, displacement .ductility, ultimate moment capacity, and qualitative
observations concerning the ability of the confining reinforcemént to prevent buckling
of the longitudinal steel. The yield displacement was assumed to occur at 75% of
the calculated ideal load, Q;, based on the ACI-89 code. Cheok and Stone concluded

that:

1. Ultimate displacement ductility factors of 10 and 5 were observed for specimens

with L/d = 3 (p, = 1.41%) and L/d = 6 (p, = 0.68%).

N2

A small increase of the displacement ductility factor and the energy absorption

was observed using ready-mix concrete than the microconcrete.

3. Higher ductility and strength were observed for the L/d = 3 shear samples when

the axial load ratio was increased from 10% to 20%.

4. The observed load capacity was higher than the calculated nominal load ac-
cording to ACI-89 by 8% for the 10% axially-loaded samples and 27% for the

20% axially-loaded samples.

2.5 Pseudodynamic Versus Shaking Table Tests

The nature of earthquakes is to shake the structure from the ground up, and
consequently, inertia forces are generated at the mass concentration. Most of the
experimental work has modeled the bridge pier as a cantilever subjected to a con-

stant axial load and excited by variable lateral displacements at the end of the can-
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" tilever. In 1988, Kawashima [18] investigated the difference of loading procedure on

the seismic response of reinforced concrete bridge piers. Excitations using a shak-
ing table and a dynamic actuator were compared. The cross-section dimensions of
the samples were 40 x 80 cm (16.3 x 32.6 inch) with L/d ratio of 6.9. Longitudinal

and cross-tie reinforcement ratios were (.87% and 0.08%, respectively. Comparing

‘the load-displacement hysteresis loops for both testing procedures, Kawashima con-

cluded that in the shaking table tests the specimen showed biased response to one
side at the principal motion, which was never developed by dynamic loading tests
with symmetrical step-wise increasing load reversals under displacement control. He
also concluded that less significant effects on the nonlinear hysteretic characteristics

of reinforced concrete cantilever piers were found by comparing the two procedures.

2.6  Design of Bridge Piers

2.6.1 Requirements

Pier walls are classified as having a ratio of clear height to maximum width of the

cross-section of less than 2.5. Minimum values of the concrete and steel strength,

: f. = 3.250 psi and f, = 60,000 psi, should be considered at a reinforced concrete
section'design. Deformed reinforcement shall be used except that plain bars or smooth
~ wire may be used for spirals and ties. The modulus of elasticity and the effective

inertia can be calculated according to the ACI code. The strength design method is

" used to control the design.

2.6.2 Loads

The design procedures specified by the Bridge Design Specifications Manual pub-

" lished by Caltrans [5] have been followed in this research for the design of the wall
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samples. Parts of these specifications which govern the pier wall design are described
here. Section 3 of this Caltrans manual, modified in June 1990, addressed the different
types of loadings for which bridge components should be designed. In general, bridge
structures shall be designed to carry the following loads and forces: dead load, live
load, impact or dynamic effect of the live load, wind load, and any of the following
forces if they exist: longitudinal forces, centrifugal forces, thermal forces, earth and
drift pressures, buoyancy, shrinkage, rib shortening, erection stresses, ice and current
pressure, earthquake stresses; prestressing and friction forces. All of these forces are
described in Section 3 of the manual. In particular, the earthquake load should con-
sider the relationship of the site to active faults, tﬁe seismic response of soils at the
site, and the dynamic response ch_aractéristics of the total bridge. To determine the
internal forces in the bridge components, two cases of loading shall be considered to
account for the unknown direction of the earthquake which is the maximum of the
following two equations

M = My +0.30M7 (2.11)
M = Mg +0.30M], (2.12)

where A, and M7 are the internal forces generated in the bridge components due to
the effect of the earthquake forces in the longitudinal and the transverse directions,
respectively. This straining action should be added to the internal forces induced
from the vertical load of the bridge. In addition, Article 3.22 in the specifications,
explains the different combinations of the loading factors.

Two methods are employed to determine the internal forces. The Equi\;'alent Static
Analysis method is used for bridges with well balanced spans and supporting bents
of approximately equal stiffness. In this method, a factor ARS, dependent on the
tvpe of the soil at the site, the maximum expected acceleration and the period of the
bridge, is multiplied by the dead load of the structure, W, to estimate the lateral force.

Minimum value of 0.4 shall limit the factor ARS. For a bridge with irregular config-
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ﬁration, the Dynémi:éHAnalysis”method shall be used. In the latter method. a modal

analysis based on the application of a response spectrum of ground acceleration to a

lumped mass space frame modeling the bridge structure is performed. Because of the

~ large forces induced in the structure from earthquakes and the low probability of their

occurrence, some allowance for inelastic action may be permitted. A ductility /risk

* reduction factor, Z, was introduced for the inelastic design. The seismic design force

~ can be estimated by dividing the straining action calculated from Eqgs. 2.11 and 2.12

by the Z factor. According to Article 3.21.1.2, Z=2 for piers, which may be increased

. for enhanced confined sections.

+2.6.3 Reinforcement

The maximum ratio of the vertical reinforcement, p,, shall not exceed 75% of the

j, balanced reinforcement ratio, p,. For pier walls with equal reinforcement area on the

. tension and compression side, the nominal moment and the balanced steel ratio can

be calculated as

oty = st 0622

c

iLor
» : a
oM, = o [Asfy (d — 5)]
where p is the tension reinforcement ratio and

Ay
0.85f.b

_ [0.858:f; (87,000 fs
T \87,000+ 7,

- 4. where

. d 87,000 + f
f, = 87,000 [1 - ——?’] < f,

d 87,000
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To calculate the area of the lateral reinforcement, f, shall equal 60 ksi. The lat-

eral reinforcement shall be designed to consider the shear stress and to satisfy the

confinement requirement. In addition to the above requirements, Article 8.18 added

www . fastio.com

e The minimum ratio of the vertical reinforcement, p,, is 1% of Ag.

e The minimum ratio of the vertical shear reinforcement area to gross concrete

area of a horizontal section in pier walls, p,, is 0.25%, with a maximum spacing
of 12 inches. p, shall not be less than p; which is the ratio of the horizontal
shear reinforcement area to the gross concrete area of a vertical section in pier

walls. The minimum value of pj, is 0.25% as stated in Article 8.18.2.3.

All the bars shall be enclosed by lateral ties at least #3 in size for longitudinal

bars #10 or smaller. Ties #4 shall be used for bars #11, #14, and #18.

The total cross-sectional area, Ay, of tie reinforcement for rectangular column

shall not be less than

’

A
Ay, = 0.308,h. 5 (—-" - 1) (2.18)

f',i,f AC
where S, is the vertical spacing of the ties and h. is the core dimension in the
direction of the ties. In the plastic hinge zones, Ay, shall not be less than the

minimum requirement above, or

' 1.25P,
Agp = 0.12Sthc£ (0.5 + ) (2.19)

fy fC’AQ

Lap splices shall not be used in longitudinal reinforcing bars within zones of

possible plastic hinging of the member.
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Experimental Program

The experimental program consisted of testing six samples representing a half-scale

model of a bridge pier wall. Two ratios of the vertical reinforcement, approximately
* the average and the maximum design allowable by Caltrans specifications [5], were
* used. The samples were grduped to represent three distributions of cross-ties. for each
* ratio of the vertical reinforcement. A p.seudo~dynamic horizontél load was applied on
" each sample along its weak direction while the wall was subjected to a constant axial
" vertical load. The horizontal loads at the top of the wall samples were cyclic and

- applied to generate prescribed displacement.

Measurement gages were used to evaluate the wall displacements and approximate
values for the wall curvatures at different levels. In addition, strains in some of the

vertical bars and the cross-ties were monitored. All data were digitally logged and

* the results were graphically represented for comparison.

3.1 Sample Description

The typical dimensions of the pier wall samples were 127 inches high, 96 inches

" wide. and 10 inches thick. These specimens were approximately a one-half scale model

24
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Figure 3.1: As-built dimensions of a cross-tie

of existing pier walls (the width has no influence on test resulis). Ready mix design
of pea gravel concrete, of a nominal strength f. = 4000 psi, was used. This mix
was agreed upon by Caltrans as an acceptable size mix for the half scale specimen.
Cylinders representing the concrete mix in each wall were tested 7 and 28 days after
concrete pouring and also at the time of testing. The specimens were divided to two
groups: Group I has a vertical reinforcement ratio of 1.3% whereas Group II has a
ratio of 2.3%. The vertical reinforcement ratio is equal to the total cross—septional
area of the vertical bars divided by the gross cross-sectional area of the concrete
section. These ratios were chosen to represent approximately both the average and
maximum reinforcement ratios of the Caltrans specifications [5] (pmin = 1.0% and
Pmar = .75ppatance). The spacing of the vertical reinforcement bars was the same for
both groups. whereas bar sizes #6 and #8 were used for group I and II, respectively.
The vertical bars were terminated in the footing with standard hooks. For each group,
three distributions of cross-ties were used: none, uniform and partial. The partial
distribution is represented by the concentration of the cross-ties at the lower part
of the wall sample at the expected plastic hinge. Deformed wire D5 was used for
the cross-ties with a standard shape of 90 and 135 degree legs. The cross-ties were

placed in such a way that the vertical and the horizonta] bars were enclosed by the
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ties’ hooks. Figure 3.1 presents as-built dimensions of a cross-tie. Each sample was

denoted by two letters: the first is either “H” or “L” indicating high or low vertical

- reinforcement ratio, whereas the second letter “N”, “P" or “U” indicates the cross-ties

distribution. Figures 3.2 to 3.7 show the sample dimensions and their reinforcement

' details.

Horizontal reinforcement using #3 bars was placed on the outside of the vertical

bars with a vertical spacing of 9 inches (ps = 0.25%) to satisfy the Caltrans recom-

- mended values (pmin = 0.25% and maximum spacing = 12 inches) in Sec. 8.18.1.5 [5].

" In the “P” walls, the spacing of the horizontal reinforcement was reduced to 4.5 inch

up to a height of 20.25 inches which represents approximately the expected plastic

hinge length. This length was calculated based on the empirical formula by Priest-

lev [30] .

L, =0.08L +0.15 f, ds (3.1)

" where [ is the wall height, f, is the yield stress of the vertical reinforcement (in ksi)

- and d, is the diameter of the vertical bars. U-shaped #3 bars were placed at each

end of the wall at the horizontal reinforcement level where no cross-ties were present.

* According to Caltrans recommendations for seismic design [5], the first row of the

" horizontal reinforcement of the “P” and “U” samples was placed at heights of 2.25

W fastio.co

and 4.5 inches. respectively, which represent half of the repeated vertical spacing.
Eight #7 bars were placed at the top of the wall with closed #3 stirrups to form
an embedded concrete beam. The function of this beam was to uniformly distribute

the actuator load and to increase the shear strength at the top of the wall.

3.2 Construction of the Samples

Footings, 18 inches thick, 116 inches long, and 56 inches wide, were designed to

carry the wall samples. The footings and their corresponding walls were constructed in
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Figure 3.2: Reinforcement details of wall “HN”
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Figure 3.5: Reinforcement details of wall “LN”
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Figure 3.6: Reinforcement details of wall “LP”
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gure 3.8: Reinforcement Placement

Fi
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Figure 3.9: Bracing of wall forms during construction

two consecutive steps to simulate the actual construction stages. Thev were designed
‘to-carry a horizontal load at the top of ﬁhe wall equal to 90 kips which is almost 1.5
- rimes the expected strength of the “H” walls. Sixteen #8 closed bars were used to
-carry the flexure loading whereas 15 #8 closed bars were used to resist the shearing,
forces. Reinfof&’ement bars #4 were used in the footing in the longitudinal direction to
represent the minimum allowable design fétio. The footings were designed considering
i.!llaT they would be pretensioned to a rigid floor where no movements are allowed in
g.‘an.\' direction during testing. Concrete with the nominal strength of f, = 4000 psi
was used to .éonstrucr the footings. Again. at least 3 cvlinder samples of the concrete
mn were examined after 7 and 28 davs of pouring. The reinforcement details of
“the footings and of all constructed samples are shown in Fig. 3.2 to 3.7. Figure 3.8

“displavs photographs of the footing reinforcement and one of the wall samples.

Pouring of the concrete for the footings and the wall samples was done in two
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Group Pouring of Tested Strength (psi) of sample No. Mean
No. | Footings { Walls | at (days) 1 2 3 4 5 (psi)
I HN, HU, -7 3136 | 3145 | 2756 - - 3012
HP 28 4594 | 4841 | 4770 - - 4735

II LN HN, HU 7 3180 | 2986 | 3357 | 3004 - 3132
28 4594 | 4950 | 4734 | 4420 - 4675

I11 LP, LU | HP, LN 7 3339 | 3251 | 2792 | 3180 | 3463 | 3205
28 4240 | 4028 | 4099 - - 4122

v LP,LU 7 2792 | 2686 | 2615 { 3180 | 2827 | 2820
28 3534 | 3746 | 4064 | 3357 - 3675

Table 3.1: Compression strength of concrete cylinders after 7 and 28 days

consecutive steps to better reproduce the construction procedures in the field. Four
pouring stages were scheduled to complete the construction of the six pier wall sam-
ples. Table 3.1 summarizes these steps and the typical compression test of the concrete
cvlinders in each group. After building the footing, the wall reinforcement was fab-
ricated and the strain gages were attached to selected reinforcement rebars. Snap
ties with fixed lengths were used to hold the two sides of wood form together and
maihtain constant thickness for the walls. Wall samples were constructed and cast
in pairs. The wall forms were cross-braced to achieve self lateral stability during the

concrete pouring, as shown in Fig. 3.9.

3.3 Test Setup

Each sample was fixed to the strong floor of the Structure Test Hall using twelve
prestressed 1.25 inch diameter high strength bars, as shown in Fig. 3.10. Thick
plate washers were used to prevent any local crushing of the footing due to stress
concentration of the prestressing forces. A load cap fabricated from channels and
plates was placed atop the wall to uniformly distribute the axial loads. Two 1.5 inch
diameter steel bars were used to exert axial loads on the wall sample. These bars

were attached to a hinge mechanism placed on the laboratory floor, and at the upper
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" end, fih"ey were connected to the load cap. The hinges at the wall base level were

provided to reduce any bending effects on these bars due to large rotations of the wall.
Figure 3.11 shows a picture of the hinge. The bars were tensioned using hydraulic

cylinders placed on top of the load beam to provide an axial load approximately equal

" to 5% of the calculated wall axial capacity. A 155-kip Ortman hydraulic jack with

a long stroke (+ 16 inch) was attached to the top of the wall sample at a height of

118 inches to apply horizontal cyclic loading. The actuator was free to rotate at its

* base and at the wall surface. The sample structure, under this setup, behaved as a

cantilever excited by cyclic flexural load under a constant axial force.

' 3.3.1 Effect of the Test Geometry on the Measured Values

The axial and flexural forces are the two objective measurements of the straining

actions on the critical section of the tested walls. The critical section of a cantilever

~ is at its base. Correction factors may be required due to the large displacement of
the wall top. Figure 3.12 shows the setup geometry and the load directions at large
* displacement. From that figure, the straining action at the critical section may be

- calculated as

Azial force = Pcos@ =P C, (3.2)

where 8 = arctan(A/118") and C,, is the correction factor of the axial load. Similarly,

the moment can be calculated as

V1182 + A2

t =
- Momen (118H) 115

= (118H) Cn (3.3)

" where C,, is the correction factor of the moment. Evaluating the correction factors

for A = 15 inches yields C, = 0.992 and C,, = 1.008. Since the maximum observed
displacement of the test was less than 15 inches and the correction factors are close

to unity, no modification of the measured values were considered.
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Figure 3.10: Test setup
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Figure 3.11: Hinge details

118

Critical section |

Figure 3.12: Test geometry at large displacement
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3.4 Instrumentation

Displacements imposed by the hydraulic jacks were manually controlled. The val-
ues of these displacements and their corresponding loads were captured by a data
logging system as described below. Twelve linear potentiométers were used to de-
termine the curvature of the wall as it was subjected to cyclic loads. As shown in
Fig. 3.13, the potentiometers were mounted to horizontal threaded rods which were
embedded in the samples. These potentiometers were placed to measure the elon-
gation and the contraction on the tension and compression sides of the wall. The
lower part of each wall was divided to six strips and the curvature was calculated for
each of these strips. Figure 3.13 shows the strips and their position. The curvature,
which is measured by this method, is an average value for a strip of the wall and is
not a value at a certain section. In addition, six string potentiometers were used to
measure the horizontal displacements of the wall samples at different levels marked
in Fig. 3.13. Strain gages (Micro Measurements) were attached to the vertical bars at
two levels. approximately 2 and 20 inches, above the wall base to monitor strains (and
consequently stresses) in the rebar. Strain gages were also attached to the cross-ties
at different Jevels. The position of the strain gages on the vertical bars and the cross-
ties is displayed in Fig. 3.14. Signals from the gages were amplified and conditioned

(Measurements Group) and then passed to the data logging system.

The data logging svstem used in these experiments included four 8-channel termi-
nal boards (Strawberry Tree T51). These boards were used to collect the analog input
signals and transfer them to the Strawberry Tree analog-to-digital board through a
Mac computer. Strawberry Tree's Workbench data acquisition software was used to
collect and log data for the duration of the test. The Workbench program was set

up to continuously log the applied loads and the corresponding displacements of the

- jacks as well as the potentiometers’ and strain gages’ signals.
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Figure 3.13: Instrumentation
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Figure 3.14: Position of strain gages
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35 Test Procedure

Al tests followed the same well-specified steps. At each step, the specimens were
cycled horizontally three times at their top by the Ortman actuator. The maximum
displacement of each cycle was limited by predesignated displacement level. The test

 was paused at the end of each step to record crack development. The test continued

up to the failure of the wall. The test procedure is described briefly as follows:

1. The vertical rods were tensioned to apply axial loads equivalent to almost 5%
of the wall axial strength. These values were 225 kips and 198 kips for the “H”

and “L” walls, respectively, and are calculated as

P =005 (0.85£,(Ag — Aut) + fyAn) (3.4)

o

The Ortman jack was driven to a displacement less than the calculated vield

displacement of the wall {about =+ 0.3 inch).
3. The wall was cycled three times for that displacement level.

4. The jack load was increased until a nonlinear behavior of the load vs displace-
ment was observed on the analog-plotter. This value is considered an approxi-

mation of theiyield displacement.
5. The wall was cycled three times by this vield displacement.

6. The test was paused to record any crack development.

. Steps 5 and 6 were repeated by increasing the displacement limits by factors of
the vield displacement and the number of cycles. Table 3.2 shows the assigned

cvelic displacement limits and the number of cycles at each loading step.

8. The test was stopped when the wall lost most of its strength (more than 30%

reduction of the horizontal load capacity.)
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Cycle HN wall HP wall HU wall
No. A i | Cycles A i | Cycles A ¢ | Cycles
1 0.30 | 0.12 3 0.30 | 0.11 3 0.30 | 0.12 3
2 1.00 | 0.40 3 1.00 | 0.37 3 1.00 | 0.39 3
3 1.50 | 0.60 3 1.50 | 0.56 3 1.22 | 0.47 3
4 2.25 | 091 3. 2.23 [ 0.84 3 1.83 | 0.71 3
) 3.00 | 1.21 3 2,98 | 1.12 3 2.44 | 0.95 3
6 3.75 | 1.51 3 3.72 11.39 3 3.05 | 1.19 3
7 4.5 {1.81 3 4.47 | 1.67 3 3.66 | 1.42 3
8 5.25 | 2.12 3 5.21 1195 3 4.27 | 1.66 3
¢ 6.00 | 2.42 3 5.96 | 2.23 3 4.88 | 1.90 3
16 6.75 | 2.72 3 6.70 | 2.51 3 5.49 | 2.14 3
11 7.5 | 3.02 3 7.45 | 2.79 3 6.10 | 2.37 3
12 8.25 | 3.33 3 8.19 | 3.07 3 6.71 | 2.61 3
13 9.00 | 3.63 3 8.93 | 3.34 3 7.32 | 2.85 3
14 10.00 | 4.03 3 9.68 | 3.63 3 7.93 | 3.09 3
15 18.00 1 10.42 | 3.90 3 3.54 | 3.32 8
16 11.17 | 4.18 3 9.15 | 3.56 6
17 11.91 | 4.46 4 9.76 | 3.80 6
18 10.37 | 4.04 6
Cyvcle LN wall LP wall LU wall
No. A g | Cycles A u | Cycles A u | Cycles
1 0.30 | 0.16 3 0.30 | 0.17 3 0.30 | 0.17 3
2 0.86 | 0.46 3 0.91 | 0.51 3 0.87 | 0.49 3
3 1.29 1069 | 3 1.37 {076 | 3 1.30 | 0.73| 3
4 1.72 | 0.92 3 1.82 | 1.02 3 1.70 { 0.95 3
5 2.58 | 1.39 3 3.64 | 2.03 3 2,10 | 1.17 3
6 3.44 | 1.85 3 4.55 | 2.54 3 2.53 1141 3
7 4.30 | 2.31 3 5.46 | 3.05 3 3.37 | 1.88 3
8 4.73 | 2.54 3 6.37 | 3.56 8 4,22 | 2.36 3
9 5.16 | 2.77 3 7.28 | 4.07 8 5.06 | 2.83 3
10 5.59 | 3.01 3 T.74 | 4.32 3 9.90 | 3.30 8
11 6.02 | 3.24 8 8.19 | 4.58 8 6.75 | 3.77 8
12 6.45 | 3.47 8 8.65 | 4.83 ) 7.09 1424 8
13 6.88 | 3.70 8 9.10 | 5.08 ) 8.43 | 4.71 8
14 7.31 | 3.93 6 10.01 | 5.59 ) 9.28 | 5.18 8
15 7.74 | 4.16 8 10.92 | 6.10 7 10.12 | 5.65 4
16 8.17 | 4.39 4

www . fastio.com

Table 3.2: Displacement limits of each cycle
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At “ductility levels beyond about 3.5, the number of cycles at each step was

" increased. The reason for this modification was to examine the effect of cvcles on
* the deterioration of the wall at levels that may be reached only under very severe

~ earthquake motions.

Prior to testing, it was expected that the maximum displacement of the wall sam-

ples would be rather low, and accordingly, the setup for the first test allowed for a

. maximum displacement of 10 inch. As the first sample (specimen “HN") was cycled,

it became apparent that the wall would undergo displacements beyond those antic-

ipated in the setup. Therefore, sample “HN” was cycled to a ductility factor of 4.0

- and then pushed in one direction without any further cycling until failure.

After testing, the yield displacement was recalculated from the logged data of the

load-displacement curve. The yield displacement was taken corresponding to a load
equal to 75% of the ideal load which is calculated from the moment capacity of the
wall section using the ACI-89 code approach in which ey, the maximum concrete
':'"strain, is assumed 0.003. To simulate the load-displacement relation as an elasto-
é‘\plastic relation the yield displacement, A, was projected to t_he ideal load value to
k estimate an idealized value of the vield displacement. A;, as shown in Figure 3.15.
"f"'The displacement ductility factor is considered as a multiple factor of the idealized

vield displacement.

%‘:.3.6 - Test Observations

Concrete cvlinder samples were examined at the time of testing and the results

are presented in Table 3.3. All samples were examined after failure and the major

© relevant observations are summarized in Table 3.4.

It is noted that cracks started at the corner of the wall and spread to the middle.

“ All observed cracks were almost horizontal. The cracks also started at the bottom of
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Figure 3.15: Idealized yield displacement

Wall Sample No. Mean
1 2 3 4 5
HN | 5406 | 5650 | 5650 | 5370 | 5830 | 5581
HU | 5795 | 5707 | 5371 | 5795 | 5830 | 5700
HP | 6180 | 5480 | 5480 | 5300 | 5830 | 5654
LN | 4947 | 5124 | 5636 | 5707 | - 5354
LP | 4947 | 4806 | 4912 | 4876 | 5300 | 4968
LU | 4523 | 4876 | 5194 | 5053 | - 4912

Table 3.3: Compressive strength of concrete cylinders at time of testing

Wall | Honer ( kips) | Height of concrete Buckling length Max. ductility
spalling ( inch) | of vertical bars { inch) factor

HN 58.95 30-35 25-30 4.03

HP 58.25 20-26 18-19 4.28

HU 58.50 28-29 17-18 4.00

LN 39.00 18-21 13-14 4.36

LP 40.84 15-17 g-12 6.11

LU 39.11 17-18 10-12 5.65

www . fastio.com

Table 3.4: Observations of tested walls
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Figure 3.16: Crack distribution over wall “HN" just before failure

“the wall and spread upward up to two-thirds of the wall height. Figure 3.16 shows

“the crack patterns of wall “HN™ just before failure.

At a ductility level of nearly 3, the crack distribution became stable. At higher
'.ij'ductili’r_\“ factors. the lower cracks started to open widely. No damage was observed
‘in tlre upper part of any of the tested walls. Plastic hinges of maximum length of
fl’)l nches were observed (nearly 26% of the wall height). Figures 3.17 to 3.22 show

the wall samples after failure. Low stress levels in the cross-ties at elevations higher
than 25 incheskvere noted. End failure of the cross-ties was also noted all over the
:Eu'buckling::length of the vertical bars as shown in Fig. 3.23. The end failure occurred
‘through the opening of most of the 90 degree legs and some of the 135 degree legs.
'_All walls exhibited similar failure mechanisms, however, damage in the “N” walls was

:.relatively more severe than the “U” and “P” walls. It is noted also that the “P” walls
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Figure 3.19: Wall “HU” after failure
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Figure 3.20: Wall “LN” after failure
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Figure 3.21: Wall “LP" after failure
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Figure 3.22: Wall “LU” after failure
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Figure 3.23: Failure of cross-ties by opening of their ends

sustained. relative to the other test specimens, the least damage and the shortest

buckling lengths.

3.7  Definition of Ductility

The ductility of a structural element is generally defined as the member's ability to
undergo deformations without a substantial reduction n its load resisting capacity.
The ductility can be defined either by the curvature ductilitv factor which is the ratio
of the section curvature at ultimate strength to the curvature when the tension rein-
forcement first reaches the vield state. or by the displacement ductility factor which
is the ratio between the maximum horizontal displacement of the wall at ultimate
and at first vield. Since it is difficult to pinpoint the yield state experimentally, an

elasto-plastic model was proposed [20] to approximate the moment-curvature or the
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ioad—di%placeﬁient relations. The theoretical value for the yield displacement. A is

calculated from the following relation

Q;

Ay =Byt

(3.5)

" where A, and @, are the displacement and the applied load at the first vield of the

vertical reinforcement and Q; is the ideal load calculated from the moment capacity
of the wall section using the ACI-89 code approach as stated before. Therefore. the

displacement ductility factor is defined by

p= (3.6)

| P
[

i~

where A, is the displacement just before failure. The ultimate displacement is that

displacement at which a reduction of the horizontal load by approximately 20% of

" the maximum horizontal load occurs.

3.8 Analysis of Test Results

The logged data of the loads. displacements and strains were filtered to eliminate

any electrical noise. Different relations were constructed to evaluate and compare the

ductility and strength behavior of each sample design.

3.8.1 Load-Displacement Relations

The relation between the applied horizontal load and the top horizontal displace-
ment was plotted to form hysteresis loops for each wall. The maximum values of the
applied loads in the push and pull sides were expected to be the same, however, small
differences in the raw data were observed in the range of =4 kips. Subsequently, the
load data were shifted to eliminate thesé differences. Figures 3.24 to 3.29 present

these relations where the upper x-axis shows the displacement ductility factor. The
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yield displacements, A;, were calculated as described before using the envelopes of
the load-displacement relations. The area enclosed within each loop represents the
ability of the wall sample to absorb the seismic energy. Studying these figures shows

that

» All samples exhibited good performance to absorb energy at large displacement

levels.

e Except at the failure stage, reductions in the load capacity were observed to

occur mainly after the first cycle at each displacement limit.

» In contrast, rapid reductions in the load capacity were observed to occur at all

cycles near failure.

To compare the behavior of the wall specimens, the envelope of the hysteresis loops
for each wall was plotted in Fig. 3.30. It is clear from this figure, along with other

test observations, that

o The cross-ties distribution has not changed either the wall stiffness or the max-

imum load.

e Walls with the higher reinforcement ratio exhibited higher stiffness but lesser

ductility than the walls with the lower reinforcement ratio.

e All walls with the higher reinforcement ratio failed at nearly the same ductility
level regardless of the cross-ties distribution. On the other hand, cross-ties
improved the ductility in the “LP” and “LU” walls by nearly 40% and 30%,

respectively.

e A minimum ductility factor of 4.0 was achieved for all walls.
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Figure 3.25: Hysteresis loops for load-displacement of wall “HP”
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Figure 3.26: Hysteresis loops for load-displacement of wall “HU”
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Figure 3.27:

Hysteresis loops for load-displacement of wall “LN”
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Figure 3.28: Hysteresis loops for load-displacement of wall “LP”
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Figure 3.29: Hysteresis loops for load-displacement of wall “LU”
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Figure 3.30: Envelope of hysteresis loops
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3.8.2 Deformed Shape

Data from string potentiometers were used to determine the wall displacement at
different elevations. Linear interpolation was used to estimate the deflected shape of
the wall samples. Figures 3.31 to 3.36 display the deflected shapes of the wall samples
at different displacement ductility factors. It is observed from these figures that no
movement at the wall base had occurred and that the samples deflected as flexural

members.

3.8.3 Curvature Distribution

Six levels in the bottom one-third of the wall were instrumented by a total of
twelve linear potentiometers to measure the average curvature of the walls at these
elevations. Figure 3.37 shows a strip of the wall sample with two potentiometers
attached to its left and right sides. From that figure the average curvature, @, of a
strip is calculated as

- Ap—Ay
6= ——

3.7
" (3.7)

where Ag and A are the displacements of the right and left potentiometers, respec-
tively.

The curvature distribution over the wall height was estimated by connecting the
curvature at these levels. Zero curvature was assumed at the loading point. Fig-
ures 3.38 through 3.43 display the curvature distribution for all samples at different
values of the displacement ductility factors. It is apparent from these figures that the
curvature values remained low in the horizontal strips at the highest positions and

that these values increased nonlinearly at the lower strips.
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Figure 3.31: Deformed shape of wall “HN”
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Figure 3.32: Deformed shape of wall “HP”
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Figure 3.33: Deformed shape of wall “HU"
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Figure 3.34: Deformed shape of wall “LN"
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Figure 3.35: Deformed shape of wall “LP”
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Figure 3.36: Deformed shape of wall “LU”
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3.8.4 Strains in Cross-Ties

The strains in the cross-ties are averaged for each elevation and presented in

"~ Figs. 3..44 to 3.51. These figures are set to study the effect of the vertical reinforce-
" ment ratio on'the amount of the strains in the cross-ties at different ductility levels.
g Examining these figures. one notes that the first row of the cross-ties in the “P” walls
had low strain values and that the cross-ties in the wall with the higher reinforcement
ratio “HP” had significantly larger strains than the “LP” wall. Figures 3.48 to 3.51
showed that the cross-ties at the higher elevations of the “U” walls experienced verv
" low stress even at late stage of testing. One thus concludes that the use of cross-ties
©ar the upper part of the wall is of little value. The failure mechanism of the cross-ties
* through the opening of their ends emphasizes the need to change current fabrication

 details.
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Figure 3.38: Curvature distribution of wall “HN”
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Figure 3.39: Curvature distribution of wall “HP”

72



http://www.fastio.com/

ClibPDF -

Wall Height (inch)

120

110

100

90

8¢

76

60

50

40

30

20

10

R Wall (HU)
I il I ] 1 | ! ! ! ﬁ-f_'-g
‘ [ ' i : [ T ! T | T i T
0 0.062 0.004 0.006 0.008 0.01 0.012

Curvature

0.014

U S

®
I
=
o

www . fastio.com

Figure 3.40: Curvature distribution of wall “HU”
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Figure 3.41: Curvature distribution of wall “LN”
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Figure 3.43: Curvature distribution of wall “LU”
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Figure 3.45: Distribution of strain in cross-ties over the height of the “P” walls at
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Figure 3.46: Distribution of strain in cross-ties over the height of the “P” walls at
= 3.6
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Figure 3.48: Distribution of strain in cross-ties over the height of the “U” walls at
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Chapter 4

Analytical Program

The experimental studv was performed to evaluate the strength, ductility aﬁd
failure mechanism of six bridge pier wall samples. A theoretical program was also
developed to predict the observed experimental parameters. In addition, the Caltrans
method for evaluating the ductilitv was assessed. The behavior of pier walls in the
weak direction is similar to the behavior of rectangular columns except for the degree
of confinement and the vertical reinforcement ratio. Because the pier wall models
investigated in this study were of the cantilever tvpe. a one degree of freedom svstem
was assumed in both the analysis and the expertments. Since the axial load exerted
on a pier wall is mainly comprised of the weight of the bridge deck. the analysis

assumed it as a constant load. invariable with the dvnamic conditions.

The ductility of the pier wall samples was evaluated using the displacement duc-
tility factor which was emploved in the experimental measurement and described
below. Also. the concrete and steel material were modeled analytically using verified

empirical models.

85

www . fastio.com


http://www.fastio.com/

" 4.1 Definition of Ductility

The ductility of a structural element, as described in the previous chapter. is de-
fined by the displacement ductility factor as the ratio between the maximum horizon-
tal displacement of the wall at ultimate and at first yield of the vertical reinforcement.
Again, since it is difficult to pinpoint the yield state experimentally, an elasto-plastic

- model was proposed by Mander [20] to approximate the moment-curvature or the
load-displacement relations in the theoretical analysis as well. The idealized value for

* the yield displacement A;, is calculated from the following relation (refer to Sec. 3.7)

A, = Ay%’; (4.1)

v
where A, and @, are the displacement and the applied load at the first yvield of the
* vertical reinforcement and Qi is the ideal load calculated from the moment capacity
- of the wall section ﬁsing the ACI-89 code approach. Therefore, the displacement
ductility factor is defined by

pe (4.2)

Y

~ where A, is the displacement corresponding to the ultimate strain of the concrete.

4.2 Material Modeling

In seismic zones, the concrete section is expected to experience large strain. The
: concrete normal stress resulting from the common compression cylinder test. fe,, is
: the main parameter defining the concrete axial strength. However, the normal stress
" of the concrete section is also affected by the lateral stress due to section confinement.
: Five empirical models, which considered the effects of the lateral stresses, were
introduced by Park [26]. Sheikh {35], Mander {21], Muguruma {23] and Fujii [7].
These models were compared by Hoshikuma et al [17] as to their effectiveness in

predicting the behavior of pier walls. It was concluded that the accuracy of each
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Figure 4.1: Concrete model (Hoshikuma model)

model is very dependent on the concrete section shape and the reinforcement ratio.
Accordingly, Hoshikuma presented a concrete model applicable to rectangular pier
walls which was adopted in this research. Figure 4.1 shows the relation between the
concrete normal stress. f., and its corresponding strain, .. for the confined and the

unconiined models.

Equation 4.3 provides this relation where f.. and e, represent the concrete maxi-

mum stress and the corresponding value of strain
1 n—1 .
E. ¢ (1 R {€c/€cc) ) if €0 < €qc

fcc — Eges (€0 — Ecc) if €0 > €qe

where E. i1s the modulus of elasticity of the concrete material. The various parameters
used in this equation may be calculated from Egs. 4.4 through 4.7. The confinement
effect is considered by the volumetric ratio of the lateral reinforcement p; and its yield

stress f,n. Two parameters. a and 3 in Eqgs. 4.6 and 4.7, are set equal to zero for the
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unconfined model and equal to 0.30 and 0.55, respectively, for the confined model.

= EC ecc (4 4)
B E; € — Jec o
5

Eges = 16— 4.5
: Ps fyn (4:5)

fcc Ps fyh
—=14370 a0 —— 4.6
feo feo (4.6)
e = 002+ 033 g 22 fun (4.7)

co

" The strain at failure of the concrete section is calculated from Eq. 4.8 and is limited

% to 0.004 for the unconfined section

fcc
2 Edes

€eu = €gc T

(1.8)

The sj'tress;strain relation of the reinforcement. as introduced by Samara [34]. was
“ used in lthe pfesent analysis. Equations 4.9 to 4.11 provide the relation between the
stress. fs, and its corresponding strain. ;. Figure 4.2 explains the various parameters
* of this equation. The possibility of buckling of the compression steel or slippage of

the tension steel is not considered in this model.
fs = €sE Tf €s < €y ' (49)
fs= fy 1;f €y L es S egp (4.10)

m(es — €gn) ~ 2 , {es — Esh)(e.’o — 7")
60(es — €n) + 2. 2(30r + 1)

fs=fy( if eon Ces < egy (411)

. where

(fsu/fy) (307" + 1)2 — 60r — 1.
1572 '

m = T = €gy — €shy (4.12)

4.3 Calcu.la_tibn of Wall Displacement

A computer program. PWDUCT (Pier Wall DUCTility), was developed to eval-

“uate the ductility parameters, and is briefly described here. In general, the total
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Figure 4.2: Reinforcement model

displacement at the top of the wall may be expressed as the sum of two displacement

components

A::A_f—{-/_.\s (4.13)

where Ay is the displacement due to wall flexure and A, is the deformation due to
shear: the latter was ignored in this analysis as it is very small. The stiffness method
is tvpical for displacement calculations: however, the top displacement of a cantilever
wall was calculated herein according to Eq. 4.14 which is most appropriate for this

structure type

Ay = /OL o(z)zdz (4.14)

where o{z) is the curvature distribution along the wall height and z is the coordinate
measured from the top of the wall. Again, the theoretical vield displacement will be
modified by the ratio of (Q,/@,) as indicated in Eq. 4.6.

The calculation of the top horizontal displacement of each wall using Eq. 4.14 re-
quires the knowledge of the curvature distribution over the wall height at different

loading stages. To determine the relation between the bending moments and cur-
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vatures under a constant axial load, it was found convenient to divide the section

into a number of discrete laminas and to replace the lateral steel reinforcement by

an equivalent thin strip with the appropriate thickness, as shown in F ig 4.3. The

- stresses in the concrete and steel in each lamina were found from the strain value at

* the center of the lamina and the above stress-strain relations. Two basic assumptions

were utilized in the analysis to determine the laminas’ strains:
e plane section remains plane after bending, and
¢ the bond slip between the reinforcement and the concrete was not considered.

The theoretical moment-curvature relation for a given axial load may be deter-

' mined by incrementing the concrete strain in the extreme compression fiber. ¢.,. For
“ each value of €., the depth of the neutral axis, kd, was found from Eq. 4.15 in which
" the sum of the internal forces equals the external axial load, P. The moment. M.
4":_“ corresponding to this value of ¢, and the axial load is determined by summing the

“ moments of the internal forces

P:Zfd Ac["‘Zfsc -’15c_2fsf. -Ast (415)

“where f and A represent the stress and the area of the concrete and steel laminas.

 Accordingly. the section curvature can be calculated as

EC‘I’TL

°= %d

(4.16)

The yield displacement, A, and the vield curvature. ¢,, are defined at the case

- of first vielding of the flexural reinforcement. f; = f,. From the moment-curvature
diagram, the curvature distribution can be constructed over the wall height as shown
“in Fig. 4.4 where the maximum curvature, ¢,, is at the bottom of the wall. Beyond
the vielding stage. the curvature at the bottom section of the wall increases until

“ it reaches its maximum calculated value. Subsequently, a plastic hinge is formed at
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"the wé;li"'bésé gau;siﬁg .&i éighiﬁéant rotation 6f the wall base sections. Therefore, the
curvature distribution at the ultimate state is influenced by the plastic hinge length.
* An empirical formula developed by Priestley [30] for the plastic hinge length was used
in the present analysis

L, = 0.08L + 0.15f,d (4.17)

* where [ is the wall height, dj is the diameter of the longitudinal bars and f, is the

" steel yield stress in ksi.

4.4 Caltrans Method for Calculating Ductility

A computer program. COL604R, was developed by Mark Seved in 1993. for use bv
Caltrans designers. Even though the program is based on the same general principles
described above, a few differences in the calculation of the ductility parameters were
found. and are discussed here. First, the vield displacement is calculated from Eq. 4.18

- which is more conservative vet not as accurate as Eq. 4.14
A, = 6,L%/3 (4.18)

where o, is the curvature at first vield and L is the total height of the wall. In addition,
: the ideal load used to calculate the idealized vield displacement is calculated from
-an equivalent elasto-plastic approximation of the section moment-curvature relation
which possesses the same amount of the energy absorption: in other words. the area
'.‘ under the elasto-plastic moment-curvature idealization is set equal to the area under
7"‘ the true moment-curvature curve. _

To calculate the ultimate displacement. an approximate method, introduced by
~ Mander [20], is used. The total displacement of the wall is the sum of three displace-
ment components

Au= AL+ 8, + A (4.19)
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Wall Yield Ideal | Idealized yield Ultimate Ductility
sample | displacement | load | displacement displacement | factor
{inch) (kips) (inch) (inch)
HN 1.80 47.74 1.84 4.63 2.52
HP 1.86 47.82 1.83 7.92 4.10
HU 1.83 47.87 1.88 5.31 2.82
LN 1.57 31.23 1.65 4.93 3.00
LP 1.66 30.93 1.76 9.28 5.27
LU 1.62 30.96 1.71 5.86 3.43

Table 4.1: Ductility parameters calculated using the PWDUQCT program

where'/_\y’ is the idealized yield displacement, A, is the plastic deformation due to
the nonlinearity of the moment-curvature response which occurs when the steel has
vielded and/or the concrete enters the inelastic zone. and A, is the deformation due
ro shear which was ignored in the analysis as it is verv small. The plastic deformation

can be calculated from [29]

Ap=8,(L —0.5L,) (4.20)

where the plastic hinge rotation 8, is evaluated from

’

HP = CDP LP = (@u - @_1,) Lp (421)

in which @, is the maximum curvature at the base and L, is the length of the plastic
hinge which is empirically assumed as in Eq. 4.17. The ductility parameters calculated

using the two computer programs are summarized in Tables 4.1 and 4.2.
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Wall | Yield

T Ideal idealiéed 'yield Ultimate Ductility
sample | displacement | load | displacement | displacement | factor
(inch) (kips) {(inch) (inch)

HN 2.20 49.53 2.34 5.70 2.44

HP 2.18 52.17 2.46 9.11 3.70

HU 2.07 50.34 2.25 7.64 3.40

LN 1.78 32.23 1.94 5.91 3.056

LP 2.02 34.27 2.36 9.49 4.02

LU 1.91 33.05 2.14 7.93 3.71

Table 4.2: Ductility parameters calculated using the COL604R program

4.5 Correlation of Experimental and Theoretical

Results

The maximum horizontal load. the idealized vield displacement, the ultimate dis-
placement and the displacement ductility factor. determined from the experimental

and the theoretical programs. were compared and are presented in Figs. 4.5 to 4.8. In

these figures. each sample was denoted by two letters: the first is either “H" or “L”

indicating high or low vertical reinforcement ratio. whereas the second letter “N”.
“P” or "U" indicates the cross-ties distribution. The wall strength is illustrated in
Fig. 1.5 by comparing the maximum horizontal load that the sample can carry. In
addition. the main ductility parameters (the yield and ultimate displacements) are

compared in Figs. 4.6 and 4.7, and the displacement ductility factor is illustrated in

Fig 4.8. Inspection of these figures revealed that:

e A good correlation was found between the calculated wall strength and the

observed values (Fig. 4.5). The values computed from the program COL604R
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are slightly higher than those calculated using the program PWDUCT.

The values of the yield displacement calculated by the PWDUCT program
for the “L” walls are close to the experimental values; however. the difference
is noticeable for the “H” walls. In contrast, the values computed using the
COL604R program have a better correlation in the “H” walls than the “L~
walls. It is also noted that the experimentally observed vield displacements have
increased by approximately 40% in the highly reinforced walls. In addition.
the cross-tie distribution does not significantly influence either the observed
or the calculated values. Some difference, however, was noted for the values
computed by the COL604R program because the ideal load is dependent on the

confinement.

The calculated ultimate displacements using both computer codes are in good
agreement. however. these values are much less than those observed experimen-

rallv (Fig. 4.7).

The calculated displacement ductility factors using both computer programs
showed reasonable correlations with the experimental values; however, the the-

oretical values are alwavs conservative.
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Figure 4.5: Observed and calculated maximum horizontal loads
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Figure 4.6: Observed and calculated idealized yield displacements
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Figure 4.7: Observed and calculated ultimate displacements
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Figure 4.8: Observed and calculated displacement ductility factors
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Chapter 5

Conclusions

"The cyclic testing of six half-scale pier wall samples representing two ratios of the

- vertical reinforcement and three distributions of the cross-ties has led to the following

conclusions:

wavwfastio.com

o)

A minimum displacement ductility factor of 4.0 was observed for all walls.

Based on the assumption that the vield moment is equal to 75% of the ideal
moment. the average values of the idealized vield displacements were found to

be 1.83 and 2.57 inch for the “L” and “H™ walls, respectively.

All walls with the higher reinforcement ratio failed at nearly the same duc-
tility level regardless of the distribution of the cross-ties. This is attributed
to the observation that cross-ties in these samples could not provide sufficient

confinement to the pier wall sections.

2

For walls with the lower reinforcement ratio, the cross-ties enhanced the duc-
tility factor in the “LP" and “LU" walls by nearly 40% and 30%, respec-
tively. Even though the walls with uniform and partial distributions of cross-ties
achieved almost the s'ame ductility factor, the partial distribution of the cross-

ties is definitely more economic.
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The cross-tie distribution has minimal effect on the wall stiffness and the max-

imum load.

Large lateral forces associated with bar lateral deformation were generated and
transmitted to the cross-ties in the walls with the higher reinforcement ratio.
These forces exceeded the ties’ capacity to prevent bar buckling. It is therefore

recommended not to use the larger size bars for the vertical reinforcement.

Failure of the cross-ties occurred by the opening of their ends. It is recommended

that cross-ties with a longer hook length be used.
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